We present a new method to accurately describe the ionization fraction and the size distribution of polycyclic aromatic hydrocarbons (PAHs) within astrophysical sources. To this purpose, we have computed the mid-infrared emission spectra of 308 PAH molecules of varying sizes, symmetries, and compactness, generated in a range of radiation fields. We show that the intensity ratio of the solo CH out-of-plane bending mode in PAH cations and anions (referred to as the 11.0 µm band, falling in the 11.0-11.3 µm region for cations and anions) to their 3.3 µm emission, scales with PAH size, similarly to the scaling of the 11.2/3.3 ratio with the number of carbon atoms (N C ) for neutral molecules. Among the different PAH emission bands, it is the 3.3 µm band intensity which has the strongest correlation with N C , and drives the reported PAH intensity ratio correlations with N C for both neutral and ionized PAHs. The 6.2/7.7 intensity ratio, previously adopted to track PAH size, shows no evident scaling with N C in our large sample. We define a new diagnostic grid space to probe PAH charge and size, using the (11.2+11.0)/7.7 and (11.2+11.0)/3.3 PAH intensity ratios respectively. We demonstrate the application of the (11.2+11.0)/7.7 -(11.2+11.0)/3.3 diagnostic grid for galaxies M82 and NGC 253, for the planetary nebula NGC 7027, and the reflection nebulae NGC 2023 and NGC 7023. Finally, we provide quantitative relations for PAH size determination depending on the ionization fraction of the PAHs and the radiation field they are exposed to.
INTRODUCTION
The family of polycyclic aromatic hydrocarbon (PAH) molecules is considered the prime candidate for the prominent emission features in the 3-20 µm spectral range in a plethora of astrophysical sources, including reflection and planetary nebulae, carbon-rich evolved stars, the interstellar medium (ISM), star-forming complexes (H ii regions) or entire galaxies (e.g. Hony et al. 2001; Verstraete et al. 2001; Peeters et al. 2002; Smith et al. 2007; Gordon et al. 2008) . The strong emission bands at 3.3, 6.2, 7.7, 8.6, and 11.2 µm, accompanied by sets of weaker features, are the product of radiative cooling of PAHs through their vibrational modes after the absorption of FUV (< 13.6 eV) photons (Leger & Puget 1984; Allamandola et al. 1985) . For a comprehensive review of the interstellar PAH properties, see Tielens (2008) .
PAHs have been extensively utilized in the literature E-mail: amaragko@uwo.ca to probe the local physical conditions of their irradiating sources as well as the characteristics of the surrounding environments. Due to their large cross sections, PAH species have a direct impact on the ionization balance of Photo-Dissociation Regions (PDRs) through their interactions with electrons and cations (Lepp & Dalgarno 1988; Bakes & Tielens 1994) , and are also considered to be an effective route for molecular hydrogen formation (Bauschlicher 1998; Mennella et al. 2012; Thrower et al. 2012; Foley et al. 2018) . PAH emission has been calibrated from spectroscopic and photometric bands and used for the estimation of star-formation rates on both galaxy-wide and spatially resolved galactic scales (e.g. Peeters et al. 2004; Farrah et al. 2007; Calzetti et al. 2007; Shipley et al. 2016; Maragkoudakis et al. 2018) , particularly in the cases of metal-rich and dust-rich environments. In addition, the existence of a galaxy-wide correlation between PAH and CO emission (e.g. Regan et al. 2006; Cortzen et al. 2019) makes PAHs alternative tracers of the molecular gas in star-forming galaxies.
Variations between the relative strengths, peak positions, and spectral profiles of PAH emission bands have been well documented among different sources, or within a given source (e.g. Bregman & Temi 2005; Smith et al. 2007; Galliano et al. 2008; Peeters et al. 2017) . These variations reflect the range in structures, size, and charge state of the multiple PAH sub-populations, which are set by the physical conditions of the environment. The proper characterization of these variations, through the precise determination of the quantities directly linked to them (i.e. size, charge state, structure), is crucial for determining and constraining the nature of the emitters as well as the physical properties of the irradiating source that governs PAH emission.
In this paper, we utilized the NASA Ames PAH IR Spectroscopic Database 1 (PAHdb; Bauschlicher et al. 2010; Boersma et al. 2014a; Bauschlicher et al. 2018) to properly characterize the charge and size distribution of astrophysical PAHs by introducing a new diagnostic charge -size grid space and presenting quantitative relations for PAH size determination for neutral and cationic species and mixtures of them. This paper is structured as follows: Section 2 describes our sample selection criteria. The emission models and spectra calculations are outlined in Section 3. Our PAH size relations, charge -size grid, and results are presented in Section 4. We showcase the astrophysical implications of our method in Section 5, and discuss method limitations in Section 6. Finally, a summary of our results and conclusions are given in Section 7.
SAMPLE
In this paper, we utilized version 3.00 of the NASA Ames PAHdb consisting of 3139 theoretical absorption spectra, computed using density functional theory (DFT). We constructed our sample of neutral and singly charged cationic molecule pairs based on the following criteria:
(i) Contain more than 20 carbon atoms. (ii) Have no nitrogen, oxygen, magnesium or iron atoms. (iii) Have solo C-H bonds 2 .
Since we aim to examine the charge and size properties of PAHs within an astrophysical context, we selected PAHs that consist of more than 20 carbon atoms. PAHs with NC (number of carbon atoms) > 20 can typically survive destruction via photodissociation when exposed to the strong UV radiation fields of the sources in which they reside (e.g. Allain et al. 1996) . The second criterion is imposed in order to establish a consistent sample of PAH populations. The 11.2 and 11.0 µm emission features in PAH spectra are due to C-H out-of-plane (CHoop) modes of solo hydrogens in neutral and cationic species respectively, and therefore applying the third criterion ensures the inclusion of molecules producing these key diagnostic bands for our analysis.
Given the above criteria, 81 pairs of neutral and singly charged cationic molecules were selected from the v3.00 PAHdb library. To further extend our sample, we included the neutral and cationic pairs of the straight edge molecules 3 presented in Ricca et al. (2018) , as well as their corresponding anions. In total, our final sample consisted of 308 molecules, 133 neutral-cationic pairs and 42 anions, with a size distribution between 22 and 216 carbons.
MODEL AND SPECTRA
To generate PAH emission spectra from the DFT-computed absorption spectra, we considered PAHs subjected to radiation fields with average photon energies of 6, 8, 10, and 12 eV, as well as the interstellar radiation field (ISRF) model from Mathis, Mezger & Panagia (1983) , where the entire radiation field spectrum is considered instead of the average absorbed photon energy for each PAH (see Appendix A). In all cases, the entire emission cascade is taken into account as the PAH relaxes from the highest excitation level to the vibrational ground state (see Boersma et al. 2011 ). Throughout the paper, we present results from emission spectra of PAHs generated with the ISRF model, and showcase results from emission spectra generated with single-photon absorption of 6, 8, 10, and 12 eV photons in Fig. 10 , with more results given in Appendix D, Fig. D1 , Appendix F, and Tables F1 -F8. We discuss the effects of different radiation fields in Section 4.6.
Because astronomical PAH spectra emanate from highly vibrationally excited molecules, anharmonicity effects are imprinted in their spectra. To account for such effects, a small (∼ 15 cm −1 ) redshift to the peak positions of the emission bands relative to the corresponding band positions in absorption is typically applied throughout the literature. However, a recent study of 20 small PAHs (NC = 10 − 18) by Mackie et al. (2018) show that the magnitude and direction of "pseudo-shifts" due to anharmonic effects are both band and molecule dependent and are typically less than 15 cm −1 . Our integration ranges include the bands with and without a 15 cm −1 shift. Consequently there is no implicit requirement for a 15 cm −1 redshift application to account for anharmonicity effects. As such, no redshift was applied to our calculated spectra. We note however, that the conclusions presented in this paper do not depend on a redshift application or not (see Appendix B, Fig. B1 ).
We convolved the calculated PAH spectral emission bands using Lorentzian line profiles with a full width at half maximum of 15 cm −1 . While a truly isolated harmonic oscillator has a Lorentzian emission profile, astronomical PAH band profiles are distinct from either Lorentzian or Gaussian approximations. However, extensive comparisons have shown that the adopted emission profile does not affect observed PAH trends such as correlations between relative intensities of different features (Smith et al. 2007; Galliano et al. 2008) , and minor to negligible differences are observed in the resulting spectra when using different emission profiles (Shannon & Boersma 2019) . (15−20) 15.0 − 20.0 a The complex of interlaced PAH features generally referred to as the 7.7 µm complex. b The C-H out-of-plane bending modes of neutrals (11.2) and charged (11.0) PAHs. c The sum of fluxes between the indicated wavelength range.
Emission line measurements
We measured the 3.3, 6.2, 7.7, 8.6, 11.0, and 11.2 µm PAH emission band fluxes as the sum of fluxes between predefined wavebands given in Table 1 and shown in Fig. 1 . No separate treatment for plateau emission was considered. We note that the plateau emission in astronomical observations exhibit a spatial morphology distinct from the bands located on top of the plateau emission and may originate in largersized species (Peeters et al. 2012 (Peeters et al. , 2017 . We adopted the same waveband ranges for neutral and cationic PAHs. The prominent features between 11.0 and 11.5 µm are assigned to CHoop bending modes of solo hydrogens. Neutral PAHs contribute principally to the 11.2 µm band and cations to the 11.0 µm band, although the peak position in each case varies depending on the presence of even-carbon or oddcarbon PAHs (see Ricca et al. 2018 ) and on the PAH edge structure (Bauschlicher et al. 2008 (Bauschlicher et al. , 2009 . Adjacent solo hydrogens will peak at shorter wavelength than solo hydrogens next to duo, trio and quartet hydrogens (Hony et al. 2001) . In order to account for peak position shifts and proper measurement of the full 11.0 and 11.2 µm intensity profiles, we applied a wider integration range for these features (see Fig. 1 ), defined based on the minimum and maximum profile shifts in our sample spectra. Throughout the paper, we maintain the terms "11.2" and "11.0", typically used in the literature, to describe the respective emission features in the spectra of neutrals and cationic PAHs, although their peak position may be shifted and their integration ranges are identical as explained above.
In various figures throughout the paper we give indicative observed astronomical ranges of PAH intensity ratios, based on ISO-SWS observations obtained from Peeters et al. (2002) and van Diedenhoven et al. (2004) . This observational sample consists of diverse objects, including reflection nebulae (RNe), H ii regions, young stellar objects, post-asymptotic giant branch stars, planetary nebulae, and galaxies, and therefore not all of the objects are necessarily exposed to an ISRF.
RESULTS AND DISCUSSION

Tracing PAH size
The spectral emission characteristics of PAHs are directly linked to their size and charge state, as well as the radiation field to which they are exposed to (see Appendix D, Fig.  D1 ). PAH charge has a strong effect on the intrinsic band strengths with ionized PAHs exhibiting strong emission between 6 and 9 µm Appendix D and Fig. D1 of this paper). Likewise, PAH relative band ratios are influenced by PAH size, with larger PAH contributing most of their emission to longer wavelengths bands while smaller PAHs contributing dominantly to the emission at shorter wavelengths (Allamandola, Tielens & Barker 1989; Schutte, Tielens & Allamandola 1993) . To a first degree, the emission spectrum of a PAH can be approximated by multiplying the intrinsic intensity in each mode with a blackbody at an average emission temperature of the molecule 4 . Due to the higher number of vibrational modes in larger PAHs compared to smaller molecules, they attain a lower excitation temperature.
The 11.2/3.3 ratio
The intensity ratio of 11.2/3.3 is considered the most robust tracer of size for neutral PAH molecules Jourdain de Muizon et al. 1990; Schutte et al. 1993; Mori et al. 2012; Ricca et al. 2012; Croiset et al. 2016) . Specifically, Ricca et al. (2012) showed that the 11.2/3.3 ratio scales with the number of carbon atoms for the compact PAH families of coronene and ovalene (comprised of 7 and 4 molecules respectively). In addition, using the PAHdb to calculate the intrinsic emission spectrum for two excitation levels at 6 and 9 eV, Ricca et al. (2012) displayed that the 11.2/3.3 ratio increases with higher absorbed photon energy. Similarly, Croiset et al. (2016) presented the scaling of the 11.2/3.3 ratio with NC using 27 molecules (with NC < 150) from the PAHdb using an average absorbed photon energy of 6.5 eV. The 27 molecules in Croiset et al. 2016 included the coronene and ovalene families from Ricca et al. (2012) , along with the families of anthracene, tetracene, and pyrene, hence focusing mostly on very compact molecules including only a few non-compact ones.
Here, we expand on the previous works by employing a much larger sample of neutral PAHdb molecules, with no constraints on NC, symmetry, or compactness, thus resulting in an all-inclusive and detailed characterization of the 11.2/3.3 -NC correlation. Fig. 2 (left panel) presents the emission ratio of 11.2/3.3 as a function of NC for the neutral molecules in our sample, with the average solo CHoop feature peaking at 11.09 ± 0.13 µm. The 11.2/3.3 ratio spans across ∼ 2.5 orders of magnitude, thoroughly sampling molecules with number of carbon atoms between 20 and 150, and expanding up to 216 carbons, offering a comprehensive description of the 11.2/3.3 -NC correlation. Only the 5 smallest molecules in our sample, with NC < 25, appear to deviate from the 11.2/3.3 -NC correlation, but overall the 11.2/3.3 intensity ratio proves to be the most efficient tracer of neutral PAH size. Comparison with observational 11.2/3.3 ra- The theoretical behavior of the 11.0/3.3 intensity ratio for PAH cations is important when modeling PAH emission, but in practice this is impossible to observe in space. This is because the 3.3 µm emission feature, while emanating from both neutral and cationic populations, it is ∼ 10 times stronger in neutrals than cations (Fig. 1) , and as a result the observed 3.3 µm flux will be dominated by the neutral PAHs unless the PAH ionization fraction is above ∼ 80%. As a consequence, the size distribution of cationic PAHs have not been investigated thoroughly in the literature. With the average solo CHoop feature of our sample's cations peaking at 11.00±0.12 µm, our study reveals the scaling of the 11.0/3.3 intensity ratio of cation PAH molecules with the number of their carbon atoms ( Fig. 2; right panel) . The correlation is similar to the 11.2/3.3 -NC correlation, but shifted upwards due to the higher contrast between the 11.0 and the 3.3 µm intensities for cations, compared to that of the 11.2 and 3.3 µm intensities for neutral PAHs. Similarly to the 11.2/3.3 -NC relation, smaller molecules (25-50 NC) show a scatter in the 11.0/3.3 -NC space. Because the observed astrophysical measurements of the 11.0/3.3 ratio consist of a mixture of both neutrals and ionic PAHs, which are inseparable in the case of the 3.3 µm feature as explained above, we make no comparison of the 11.0/3.3 ranges of cations with observations.
We further investigated intensity ratios sensitive to size for anion PAH molecules. Although the fraction of anions is expected to be exceedingly small within PDRs given the Far-Ultraviolet (FUV) radiation field from the illuminating star, PAH anions should be more abundant in the diffuse ISM (Bakes & Tielens 1994) . We used 42 straight-edge anion molecules from Ricca et al. (2018) and recovered a welldefined correlation between their intensity ratio of the solo CHoop bending mode emission (with the average peak being at 11.34 ± 0.15) to their 3.3 µm emission, with NC.
The 6.2/7.7 ratio
The wealth of spectroscopic observations from Spitzer /IRS covering the 5 -38 µm range did not provide access to the 3.3 µm emission band, which was regarded as sensitive to PAH size Schutte et al. 1993) . Therefore, alternate size indicators had to be employed, and the brightest ionic bands at 6.2 and 7.7 µm, which were less affected by the 9.7 µm silicate absorption, appeared as the best candidates. As such, a popular approach in the literature for determining average PAH sizes, especially for extragalactic astrophysical sources (e.g. O'Dowd et al. 2009; Diamond-Stanic & Rieke 2010; Sandstrom et al. 2012; Stierwalt et al. 2014; Maragkoudakis et al. 2018) , is based on the usage of the Draine & Li (2001) (hereafter DL01) models, and specifically the employment of the 7.7/11.2 and 6.2/7.7 ratios (DL01; their Fig. 16 ) to track PAH charge and size respectively. The DL01 model utilizes the estimation of crosssections per C-atom for neutral and ionized PAHs based on experimental data and astronomical observations (Boulanger et al. 1998 ) and numerical equations to calculate the number of C-and H-atoms for a PAH molecule of a given size. These are then exposed to radiation fields of varying strengths, followed by the calculation of their emission spectrum. The effectiveness of the 6.2/7.7 intensity ratio to serve as a PAH size tracer can be subjected to criticism, considering that the 6.2 and 7.7 µm emission features lie close in wavelength, and hence originate from similar-sized species, as discussed in Section 4.1. Furthermore, since the 6.2 and 7.7 µm emission mostly emanates from ionized PAH populations the 6.2/7.7 ratio appears to be a controversial size tracer for the case of neutral PAHs. Maragkoudakis et al. (2018) presented initial evidence that the 6.2/7.7 ratio does not effectively track PAH size using a small sample of PAHdb molecules. Here, we demonstrate the ambiguity of the 6.2/7.7 ratio as a tracer of PAH size in Fig. 3 , where the 6.2/7.7 intensity ratio is plotted as a function of NC for both cases of neutral and cationic PAHdb molecules. The presence of significant scatter raises strong concerns about the effectiveness of the 6.2/7.7 ratio to trace PAH size. In addition, observed astronomical ranges are consistent with cationic PAHs of all sizes, rather than neutral PAHs (Fig.  3) . The DL01 PAH models adopt an absorption cross section depending on the number of carbon atoms, the H/C ratio based on fixed prescriptions, and the charge state of the PAH, without accounting for the effects of PAH symmetry or structure. PAH structure determines the amount of H atoms relative to C atoms and the number of peripheral H atoms which are isolated, doubly adjacent, or triply adjacent, therefore influencing the relative strengths of the various C-H and C-C modes (e.g. Peeters et al. 2017 ). However, a comprehensive understanding on the effects of symmetry and structure on the calculated PAH spectra is yet to be achieved, and further research is needed to fully characterize their systematics.
The observed 6.2/7.7 ratio variations can be attributed to a number of factors. Specifically, as discussed by Ricca et al. (2012) , PAH structure contributes to the variance of the 7.7/6.2 ratio. Furthermore, several authors reported that the 7.7 µm component is comprised of two subcomponents at 7.6 and 7.8 µm Cohen et al. 1989; Molster et al. 1996; Roelfsema et al. 1996; Peeters et al. 1999 ). Furthermore, Bregman & Temi (2005) and Peeters et al. (2017) presented evidence that the 7.7 µm complex has at least 2 components with very distinct spatial distribution and different band assignments. Consequently, the complexity of the 7.7 µm emission feature will have a direct impact in the variance of the 6.2/7.7 emission ratio.
Other PAH ratios
We examined the ratio of the 11.0 µm emission to all prominent features in the spectra of cationic and anionic PAHs, including the sum of fluxes at Σ (6−9) , Σ (7−9) (excluding the 6.2 µm emission feature), and Σ (15−20) . The only ratio having a tight correlation with Nc is the 11.0/3.3 ratio for cations. Similarly, the 11.0/3.3 ratio has a tight correlation with Nc for anions. Fig. 4 presents as example the ratios of 11.0/6.2 and 11.0/Σ (6−9) for cations as a function of NC. Although an overall increase of 11.0/6.2 with increasing NC is observed, a non-negligible fraction of different sized molecules have similar intensity ratios, and furthermore the intensity ratio levels at larger sizes. Likewise, for the majority of molecules the 11.0/Σ (6−9) ratio appears to be insensitive to the increase of NC. The observed astronomical intensity ratio ranges are much lower than the calculated ratios ( Fig. 4 ). However, this is consistent with Ricca et al. (2012) stating that the weakness of the 11.0 µm band in astronomical spectra -compared to model calculations-results from severe dehydrogenation of PAH cations. Given that our sample excludes fully dehydrogenated PAHs, higher 11.0 µm fluxes and ratios are expected in such a case. This should only affect the 11.0 µm feature as the 6.2 and 6 -9 µm emission features are dominated by C-C stretching modes. Lastly, examination of intensity ratio combinations between the 6.2, 7.7, and 8.6 µm features with other emission bands revealed no scaling with NC. As a result, the 11.0/3.3 ratio is found to be the best proxy for size in the cases of cationic and anionic PAH species.
The 3.3 µm -NC relation
In an effort to uncover the main driver behind the 11.2/3.3 and 11.0/3.3 correlations with NC, we further examined the relation between the individual intensities of the emission features present in these ratios, as a function of the number of carbon atoms, for both neutral and cationic molecules.
In addition, we examined the scaling of all the remaining prominent spectral emission bands (at 6.2, 7.7, and 8.6 µm), as well as the sum of fluxes between 15 − 20 µm (Σ (15−20) ), as a function of NC. Fig. 5 presents the results. Evidently, it is the 3.3 µm emission that stands out with the strongest dependence on NC (decreasing intensity with increasing NC) and the least scatter compared to the other emission features, for both neutral and cationic PAHs. Weaker correlations with NC can be also identified in certain cases. In neutral molecules, the 11.2 µm emission increases with NC, albeit with noticeable scatter. The observed dependencies of the 11.2 and 3.3 µm emission with NC are in accordance with the results of Schutte et al. (1993) describing the contribution of a PAH feature to the total emission as a function of NC (their Fig. 9 ). Furthermore, the intensity of Σ (15−20) shows a linear increase with increasing NC for neutral molecules, but dampens for cations although a trend is still observed. Finally, the 6.2 µm emission in cations shows a weaker dependence with NC but with significant scatter compared to the 3.3 µm emission.
Given the remarkable sensitivity of the 3.3 µm emission to NC, we further examined the scaling of the relative intensities of the prominent 6.2, 7.7 and 8.6 µm emission components and the sum of fluxes between 15 − 20 µm with the 3.3 µm intensity. Fig. 6 presents the scaling of the 6.2/3.3, 7.7/3.3, 8.6/3.3, and Σ (15−20) /3.3 intensity ratios as a function of NC for neutral and cationic PAHs. All four ratios examined display a correlation with NC across 2 orders of magnitude and can serve as alternate size tracers, although their scaling with NC is less pronounced and more scatter is induced than in the case of the 11.2/3.3 and 11.0/3.3 ratios. Overall, the ratios of neutral molecules present a firmer scaling with NC and less scatter compared to cations, given the most notable dependence of the 3.3 and 11.2 µm emissions with NC. Astronomical observed ranges fall in between the cationic and neutral PAH ranges, which is expected considering that the 6.2, 7.7, and 8.6 µm features are attributed predominantly to ions while the 3.3 µm feature is attributed to neutral PAHs. We also note that Boersma et al. (2010) presented an estimate for PAH sizes based on the ratio of 15-20 µm C-C-C/6-9 µm C-C emission (their Figure 19 and Section 4.4), and Tappe et al. (2012) extrapolated their PAH size estimation to calculate PAH sizes in the supernova remnant N132D in the Large Magellanic Cloud. However, despite the almost linear scaling of the Σ (15−20) emission with NC, the Σ (15−20) /Σ (6−9) ratio presents a weaker dependence with NC compared to the well-defined scaling of the Σ (15−20) /3.3 ratio. We ascribe the difference with the results from Boersma et al. 2010 to the different calculation of the band intensities. Specifically, these authors apply a fixed ratio for the intrinsic cross-section ratio of 0.013 for all sizes while in this paper, no such assumptions was made.
4.3 The 11.2(11.0)/7.7 -11.2(11.0)/3.3 plane
The well-established correlation between the 11.2/3.3 and 11.0/3.3 intensity ratios with NC, combined with the efficiency of the 11.2/7.7 and 11.0/7.7 ratios to separate neutral and charged PAH populations, constitutes the 11.2(11.0)/7.7 -11.2(11.0)/3.3 5 plane ideal for the examination of the degree of ionization and the size distribution of astrophysical sources. The joint power of the 11.2/7.7 and 11.0/7.7 ratios to track PAH charge is illustrated when considering the relative strength of the features in each ratio. Specifically, the strength of the coupled C-C stretching and C-H in-plane bending modes, which produce the 7.7 µm complex emission, increases considerably upon ionization (e.g. Allamandola et al. 1999) , having comparable strength to the C-H out-of-plane bending modes, which produce the 11.0 µm feature. In contrast, the strength of the 11.2 emission is dominating over the 7.7 emission in neutral PAHs (see Appendix D and Fig. D1 ). As a result, the strength of the 11.2/7.7 ratio in neutral PAHs will always be higher compared to the 11.0/7.7 ratio in cations, leading to an effective separation of the two populations. Maragkoudakis et al. (2018) have initially presented the 11.2(11.0)/7.7 -11.2(11.0)/3.3 plane and questioned whether the 6.2/7.7 ratio is effective in tracking PAH size, using a small sample of 34 symmetric pure PAH molecules (including the families of coronene and ovalene) with 24 < NC < 170 drawn from the v3.00 PAHdb libraries. In this paper we vastly expand the work of Maragkoudakis et al. cation PAH pairs (266 PAH molecules), including straight edge molecules from the next release of the PAHdb (v3.10); ii) using molecules with a large diversity of symmetries; and iii) covering a broad range of molecule sizes: 22 < NC < 216.
A comparison between the DL01 11.2/7.7 -6.2/7.7 diagram and the new 11.2(11.0)/7.7 -11.2(11.0)/3.3 diagnostic plane is presented in Fig. 7 . In the DL01 11.2(11.0)/7.7 -6.2/7.7 diagram ( Fig. 7; left panel) , the PAHdb molecules are displaced from the DL01 tracks in both terms of charge and size. Specifically, there is an overall inter-mixture of different sized molecules throughout the 6.2/7.7 range for both populations of neutral and cationic PAHs. Note that the size distribution in the DL01 tracks increases from larger to smaller 6.2/7.7 values, i.e. from right to left. The bulk of neutral molecules are located at high 6.2/7.7 values, outside of the DL01 tracks, while a handful of small-sized PAHdb molecules can be seen in 6.2/7.7 values that correspond to NC> 240 in the DL01 models. Approximately half of the sample cations are located outside the DL01 tracks to higher 6.2/7.7 values, while the rest are distributed throughout the range of the DL01 tracks with no specific order in terms of NC, with a subset found at 6.2/7.7 values that correspond to NC> 240 in the DL01 models. Additionally, only a small fraction of the DL01 tracks falls within observed astronomical ranges of the 6.2/7.7 ratio ( Fig. 7; left panel) , while the majority of PAHdb cations coincide with the observed ranges. Finally, the PAHdb cations have the largest PAHs at lower 6.2/7.7 values (towards the left-hand side of the plot) compared to the largest neutral PAHs found at higher 6.2/7.7 values (towards the right-hand side of the plot), in contrast to the DL01 models where the PAH size increases at lower 6.2/7.7 values for both neutral and cationic PAHs.
Furthermore, although the same radiation field (ISRF, Mathis et al. 1983 ) was used to generate the emission spectra of our sample molecules and the DL01 tracks, there is an overall offset for all molecules to higher 11.2(11.0)/7.7 values compared to the locations of the pure cationic and pure neutral molecule tracks in the DL01 models, as seen in Fig. 7 . Specifically, the majority of cations are occupying the space between the ionized and neutral tracks, while neutral molecules are located above the track of the purely neutral molecules. We note that part of the observed offset between the DL01 models and our results may be due to the usage of enhancement factors applied by DL01, based on comparison with laboratory data of a few symmetric and mostly small (NC < 32) PAHs, in order to better fit observed PAH spectra.
In the new diagnostic 11.2(11.0)/7.7 -11.2(11.0)/3.3 plane ( Fig. 7 ; right panel) a distinct and smooth transition from smaller to larger molecules with increasing 11.2(11.0)/3.3 values is displayed, for both neutral and cationic PAHs. Outliers that reside between the pure neutral and cationc tracks are mostly due to two classes of PAHs: PAHs containing defects (five-and seven-membered rings; e.g. PAHdb UIDs 591, 595, 603, 722, 727) and partially dehydrogenated PAHs (e.g. PAHdb unique identifiers (UIDs) 693, 696, 700, 714). Additional outliers include very elongated PAHs and non-planar PAHs which will be less stable than more compact and planar PAHs. In order to define diagnostic tracks for the size distribution of both populations, average values of 11.2(11.0)/7.7 are calculated in equallysized 11.2(11.0)/3.3 bins, and the binned data (black points in the right panel of Fig. 7 ) are fitted with a one dimensional log parabola model defined as:
where A is the amplitude, α is the power-law index, β is the curvature of the parabola, and x0 the reference point for the normalization. All fit parameters, NC values, and intensity ratios for the binned points are given in Tables 2 and 3 . As seen in Fig. 7 , astronomical observed ranges of the 11.2/7.7 ratio fall in between the cationic and neutral PAH tracks in both the DL01 and PAHdb defined tracks, highlighting the efficiency of the 11.2/7.7 ratio to track the PAH ionization fraction. Similarly, the astronomical 11.2/3.3 ranges include the majority of both neutral and cationic PAHdb molecules with NC up to ∼ 125.
The PAH charge -size grid
The 11.2(11.0)/7.7 -11.2(11.0)/3.3 diagnostic plane, combined with the corresponding size distribution tracks presented in Section 4.3, can characterize the charge state and the average size of purely neutral or cationic PAH species. Astrophysical PAH families though contain a mixture of neutral and cation molecules. As such, the 11.2(11.0)/7.7 -11.2(11.0)/3.3 plane can only be indicative of the charge state and size of PAHs within astrophysical sources, depending on the relative location of the source within the pure neutral and cation tracks.
In order to provide a more comprehensive description of the charge state and size distribution of astrophysical PAHs, we expanded the 11.2(11.0)/7.7 -11.2(11.0)/3.3 diagnostic diagram, constructing a grid in the (11.2+11.0)/7.7 -(11.2+11.0)/3.3 space (Fig. 8) . Aside from the purely neutral and cationic molecule spectra, we synthesized spectra that correspond to populations with a mixture of neutral and cationic PAH components, thus different ionization fractions. The synthesized spectra were created by combining the individual spectra of neutral-cation molecule pairs within predefined weighting schemes. Specifically, we have created spectra with neutral-cation relative contributions of: i) 75% -25% (N75C25), ii) 50% -50% (N50C50), and iii) 25% -75% (N25C75) respectively. Following the methodology of Section 4.3, we calculated average (11.2+11.0)/7.7 values in equally-sized (11.2+11.0)/3.3 bins for the purely neutral and cationic PAHs, as well as for each group of synthesized spectra. The respective binned data were fitted with a one dimensional log parabola model as described by equation 1, defining a set of five tracks across the (11.2+11.0)/3.3 axis (dashed lines in Fig. 8 ). The tracks connecting binned data of similar NC between groups of different ionization fractions, are calculated by fitting the respective points using a third-degree polynomial of the form:
The points are color-coded based on the average NC of the similar bins among the different ionization fraction tracks. The fit parameters and average NC values are given in Tables 2 and 3. Comparison with (11.2+11.0)/3.3 ranges from ISO-SWS observations suggest that the average astrophysical PAH sizes range approximately between 40 < NC < 140, with the smallest and largest PAH species not being present. This PAH charge -size grid is a powerful tool to probe the average PAH charge and size distribution within astrophysical sources as well as compare these properties among different sources (see Sections 4.6 and 5).
In a different approach, Mori et al. (2012) presented two model grids for the 3.3/11.2 and 7.7/11.2 intensities, constructed for a mixture of neutral and ionized PAHs of different ionized fractions, assuming the Draine & Li (2007) PAH cross sections, a power-law size distribution of PAHs with 20 < NC < 4000 and 40 < NC < 4000, and exposure to a blackbody radiation field of different temperatures. For a given minimum PAH size (NC of 20 or 40), these grids explore the influence of the PAH ionization fraction and the radiation field on the considered PAH intensity ratios. Based on the two grids, these authors attributed the observed intensity variation in their sample to destruction of small PAHs and a varying degree of ionization. They furthermore concluded that the 3.3 µm, PAH band provides clues on the size distribution (i.e. the minimum PAH size) and/or the excitation conditions of PAHs. In contrast, here we emphasize the influence of PAH size and the PAH ionization fraction on these ratios given a radiation field.
PAH size scaling relations
The location of a source in the PAH charge -size grid indicates its ionization fraction and provides an estimate of the average PAH size based on the NC of the binned values at the proximity of the source (see Table 3 ). For a precise determination of the PAH size though, explicit sets of relations are required describing the scaling between 11.2/3.3, 11.0/3.3, and (11.2+11.0)/3.3 ratios with NC, for neutral, cationic, and mixed PAH populations respectively. The ion- ization balance, which describes the relative contribution of neutral and cationic PAHs, depends on the photoionization rate and the electron recombination rate of PAHs. These, in turn, depend on the strength of the local UV field (G0 6 ), the electron density ne, and the gas temperature T (e.g. Bakes & Tielens 1994) . Consequently, the emitted PAH spectrum depends on the local physical conditions, and variations in the measured emission bands and intensity ratios are expected upon variations in the physical conditions. Therefore, for a proper NC determination specific scaling relations are required depending on the ionization fraction of the PAHs within a source. Figure 9 presents the scaling of the log(11.2/3.3), log((11.2 + 11.0)/3.3), and log(11.0/3.3) with NC for the different ionization fractions, parameterized with a power-law fit of the form:
where IR is the corresponding intensity ratio. Depending on the ionization fraction of the source as determined from the charge -size grid, the corresponding relation will provide the precise average NC of a source. All size relation parameters are given in Table 4 .
Different emission models
The emitted PAH spectrum of a source depends on the local physical conditions (e.g. G0, T , ne; see Section 4.5,), with the emission band profiles undergoing shifts in the peak position, variations in width, or revealing substructure. On the other hand, peak position shifts and intensity variations in the intrinsic PAH spectra are observed with increasing PAH size (e.g. Bauschlicher et al. 2008 , Bauschlicher et al. 2009 , Ricca et al. 2012 and references therein). To allow a robust interpretation of the ionization fraction and average PAH size of a source, an appropriate charge -size grid and set of size scaling relations are required, corresponding to the radiation field the PAHs are exposed to. To that end, we produced the emission spectra for the sample molecules as exposed to radiation fields with average photon energies of 6, 8, 10 and 12 eV, and calculated their respective chargesize grids and the corresponding 11.2/3.3, (11.2+11.0)/3.3, 11.0/3.3 -NC size scaling relations. Figure 10 present the charge -size grids for the different emission models, each populated with astrophysical sources (Section 5) of similar radiation fields, and Tables F1-F4 describe their respective fit parameters. The 11.2/3.3, (11.2+11.0)/3.3, 11.0/3.3 -NC size scaling relations are given in Tables F5 -F8 . As the absorbing photon energy increases, the grid is shifted to lower (11.2+11.0)/7.7 and (11.2+11.0)/3.3 values, with the (11.2+11.0)/3.3 ratio presenting the largest shifts. This is expected because the intensity gain with increasing absorption photon energy is higher for shorter wavelength emission features (3.3 µm and 7.7 µm complex) than for the higher wavelength features (11.0 or 11.2 µm), as demonstrated in Fig. D1 .
ASTROPHYSICAL APPLICATION
We demonstrate the application of the (11.2+11.0)/7.7 -(11.2+11.0)/3.3 (i.e., PAH charge -size) grid on astrophysical sources of diverse environments, including galaxies, reflection and planetary nebulae, with the purpose to characterize the charge state and average size of their PAH populations. We used high-resolution spectroscopic observations Figure 9 . The intensity ratios of (11.2+11.0)/3.3 as a function of N C for the different ionization fractions (described in Section 4.4) for PAH spectra generated with an ISRF model. For pure neutral and cationic molecules the intensity ratios correspond to the 11.2/3.3 and 11.0/3.3 ratios respectively. The black curve is a power-law fit described by equation 3, with the fit parameters given in Table 4 . No multiplicative scaling was required to match the ISO-SWS spectral segments covering the 3.3, 6.2, 7.7, 11.0, and 11.2 µm features, while any additive offset between spectral segments does not affect the feature fluxes after continuum removal. For each source, we used the appropriate charge -size grid corresponding to the average radiation field of the source (Fig. 10 ). Next, we identified the track of a given ionization fraction at the proximity of the source, which effectively describes the source's average ionization fraction. Based on the chosen track, the appropriate relation for the average PAH size estimation was then determined.
NGC 2023 and NGC 7023
NGC 2023 and NGC 7023 are two of the most well-studied RNe (e.g. Fleming et al. 2010; Peeters et al. 2012; Boersma et al. 2014b; Stock et al. 2016; Knight et al. 2019 , submitted, hereafter K19) located at distances of 403±4 pc (Kounkel et al. 2018 ) and 361±6 pc (Gaia Collaboration et al. 2016 Collaboration et al. , 2018 respectively. Since the average photon energy of the radiation field is 6.5 eV for NGC 7023 (Croiset et al. 2016 ; K19) and 7.3 eV for NGC 2023 (K19), we utilize the 6 and 8 eV charge -size grids for each object respectively. In both grids the sources are located in between the N25C75 and pure cationic tracks (Fig. 10) , indicating the contribution of mostly ionized PAH populations in their output spectrum. Choosing the N25C75 track as the most representative ion-ization fraction in both cases, we used equation 3 and the N25C75 track power-law parameters (Tables F9 and F10) to estimate the average PAH size in NGC 7023 and NGC 2023.
The average NC in NGC 7023 is estimated to be 65 ± 15 and 94 ± 19 for NGC 2023, both consistent within their uncertainties with previous studies. Specifically, the PAH sizes reported by Croiset et al. (2016) and K19 for NGC 7023 range between 50 -80 NC and 50 -70 NC respectively across a large FOV centered on the NW PDR. Similarly, K19 reported a PAH size range between 75 and 130 NC for NGC 2023 across a large FOV centered on the dense shell south-southwest (-11", -78") of the exciting star HD 37903 corresponding to the H2 emission peak. The aperture of the ISO-SWS data used in this paper lies well within the FOV of these studies (see K19, their Fig. 1 and 2) . Variations in the calculated NC among different studies are expected, considering the different methods and apertures used in each case. For instance, the 3.3 µm measurements in Croiset et al. 2016 and K19 are based on photometric observations obtained from the Stratospheric Observatory for Infrared Astronomy (SOFIA, Young et al. 2012) , as opposed to the high resolution ISO-SWS spectral measurements in our analysis. Furthermore, the ISO-SWS (14"x20") is much larger than the spatial resolution of the data used by Croiset et al. 2016 and K19.
NGC 7027
NGC 7027 is a young and carbon-rich planetary nebula excited by a hot white dwarf with T ef f ∼ 2 × 10 5 K (Latter et al. 2000) . The overall nature and morphology of NGC 7027 is rather complicated, with the central star surrounded by an expanding ionized shell (Masson 1989) , and a thin H2 shell pinpointing the presence of a PDR with signs of recent interaction with collimated outflows (Cox et al. 2002) . We calculated an average UV photon energy of 10.7 eV in the FUV-MIR region (91-25000 nm), assuming a blackbody spectrum of T ef f = 2 × 10 5 K, and thus we utilized the 8 eV charge -size grid. The location of NGC 7027 in the chargesize grid space (Fig. 10) is in between the N75 -C25 and N50 -C50 tracks, implying a somewhat even distribution of neutral and cationic PAHs in this planetary nebula.
The average NC in NGC 7027 is estimated to be 149±34 and is moderately larger compared to that of the reflection nebulae in our sample. With the strength of the FUV radiation field, G0, being 6 10 5 in NGC 7027 (Justtanont et al. 1997 ), a larger PAH size is consistent with the results of K19 who reported that the average PAH size depends on the FUV radiation field intensity.
M82 and NGC 253
M82 and NGC 253 are the brightest prototypes of nearby starburst galaxies located at similar distances (∼ 3.5 Mpc; Dalcanton et al. 2009; Jacobs et al. 2009 ), with comparable IR luminosities but different chemical compositions (Martín et al. 2009 ). For M82, we calculated the average UV photon energy from its modeled spectral energy distribution (SED). The M82 SED decomposition and fitting was performed with the SED-fitting code cigale (Boquien et al. 2019) and was obtained from the DustPedia (Davies et al. 2017 ) archive 7 . cigale, being an energy balance principle based code (i.e. the energy absorbed by dust in the UV-to-near-IR part of the spectrum is re-emitted self-consistently in the mid-and far-IR), is able to deliver both the entire (dust attenuated) SED as well as the unattenuated SED of the young stellar populations. Using the SED of young stars, the average photon energy in the FUV-MIR region is estimated to be 9.4 eV. Hence, the 10 eV charge -size grid was used to examine the charge state and the range in PAH size. For NGC 253, no SED modeling was available from the DustPedia archive, due to the absence of photometric coverage in the optical bands for this source. Therefore, we assumed a similar average UV photon energy to M82.
In terms of charge state, both M82 and NGC 253 are located in between the N25C75 and pure cationic tracks, indicating highly ionized environments where PAHs exist predominantly in their cationic state (Fig. 10) . Specifically, 7 http://dustpedia.astro.noa.gr/ NGC 253 resides closer to the N25C75 track while M82 is located closer to the track of pure cationic PAHs, suggesting less intense excitation mechanisms for NGC 253 compared to M82. Indeed, Martín et al. (2009) presented evidence of NGC 253 being at an earlier starburst evolutionary stage than M82. While at early starburst stages the heating of the ISM is thought to be dominated by shocks affecting the molecular clouds fueling the starburst, the late stages of starburst evolution are vastly dominated by the UV radiation from newly formed massive stars. As such, the UV radiation responsible for pumping and ionizing the PAH molecules is expected to be less dominant in NGC 253 compared to M82, explaining their distinct locations on the charge -size grid (Fig. 10) .
With respect to the PAH size distribution, M82 has an average PAH size of 86 ± 11 NC and for NGC 253 the average PAH size is estimated to be 123 ± 25 NC. The high average PAH values in both starburst galaxies are indicative of smaller PAH destruction in harder radiation fields.
LIMITATIONS
Among the pure PAHs present in the computational spectroscopic library of PAHdb version 3.0, 2609 species contain between 21 and 50 carbons and 304 species contain between 51 and 386 carbons. PAHdb currently lacks large PAHs containing more than 50 carbons and with a broad array of hydrogen adjacency classes and charge states. For a detailed description, we refer the reader to Bauschlicher et al. (2018) . However, we should note that, based on our study using a sample containing a small number of large PAHs and a large number of small PAHs, large PAHs follow the same trends as those of small PAHs (see e.g. Fig. 9 ). Further improvements are also needed regarding the incorporation of the anharmonicity effects. The PAHdb contains the harmonic frequencies for each species while the applied emission model calculates the maximum temperature a PAH attains after photon absorption using its heat capacity, which is determined by the harmonic vibrational levels. Several studies have recently been reported investigating these anharmonic effects (e.g. Maltseva et al. 2015; Mackie et al. 2016; Mackie et al. 2018 ), which will be included in future PAHdb emission models. Finally, we note that we find the same general behaviour for all the applied radiation fields (which differ in the details, see Sect. 4.6). Hence, these results do not seem to be dependent on the applied radiation field.
SUMMARY AND CONCLUSIONS
In this work we examined and determined the most optimal tracers and methods of tracking PAH size, using a variety of molecules with NCranging between 22 and 216, with different ionization fractions, with the only constraint on the symmetry or compactness being the presence of a solo C-H bond. The sample was constructed from the versions 3.00 and 3.20 release of the NASA Ames PAH IR Spectroscopic Database. We generated PAH emission spectra considering radiation fields with average photon energies of 6, 8, 10, and 12 eV, as well as the Mathis et al. (1983) ISRF, and measured the PAH intensities of the 3.3, 6.2, 7.7, 8.6, 11.0, 11.2 µm, and Σ (15−20) bands. The main conclusions of our work can be summarized as follows.
(i) We illustrated for the first time how the intensity ratio of the solo CH out-of-plane bending mode emission (in the 11.0 -11.3 µm region) to the CH stretching mode emission (in the 3.3 µm region) scales with the intrinsic size of cationic and anionic PAH species. Exploring different intensity ratio combinations between the 11.0 µm emission and other emission bands revealed no such dependence with NC for PAH cations. Similarly, the 11.2/3.3 ratio has the best correlation with NC, for the case of neutral PAHs, compared to any other intensity ratio.
(ii) By examining all the individual strong PAH emission bands we show that the intensity of the 3.3 µm band has the strongest dependence with NC, and is the main driver behind correlations of the intensity ratio of the solo CH outof-plane to CH stretching mode with NC for neutral, cationic and anionic PAHs.
(iii) The intensity ratios of 6.2/3.3, 7.7/3.3, 8.6/3.3, and Σ (15−20) /3.3 also scale with NC across 2 orders of magnitude for both neutral and cationic PAHs, serving as alternate size tracers. However, the scatter in these correlations is moderately larger compared to the 11.2/3.3 and 11.0/3.3 relations with NC.
(iv) The 6.2/7.7 intensity ratio, previously adopted in the DL01 models to track PAH size, shows no evident scaling with NC, for both neutral or cationic PAHs. In addition, no other combination of intensity ratios among the ionic bands, that does not include the 3.3 µm emission, scales with NC.
(v) Interstellar space contains a mix of PAH charge states, with the observed 11.2 µm band and most of the 3.3 µm band arising in neutral PAHs while the observed 11.0 µm band and a small fraction of the 3.3 µm band originates in cationic PAHs. For comparison with observations, we defined a new diagnostic space to probe PAH charge and size: the (11.2+11.0)/7.7 -(11.2+11.0)/3.3 space. We constructed grids in the (11.2+11.0)/7.7 -(11.2+11.0)/3.3 space for the different radiation fields examined, with tracks corresponding to various ionization fractions and PAH sizes, allowing for the most robust estimation of the charge state and size of astrophysical PAHs to date. We demonstrated the application of the charge -size grid in a set of astrophysical sources, including planetary nebulae, reflection nebulae, and galaxies.
(vi) We delivered quantitative sets of scaling relations between PAH intensity ratios and NCfor a precise PAH size estimation depending on the ionization fraction of the PAHs within a source and for the different radiation fields examined.
With the upcoming launch of the James Webb Space telescope (JWST ) and the various spectroscopic capabilities (integral field unit (IFU), slit and slitless spectroscopy) in both the near Infrared Camera (NIRCam) instrument and Mid-IR Instrument (MIRI), a wealth of spectra and spatially resolved spectroscopic maps in the 0.6 -28.5 µm range will become available. Single-slit spectroscopic observations and/or 3-D data cube maps of the 3.3, 7.7, 11.0, and 11.2 µm emission features will be able to fully utilize the (11.2+11.0)/7.7 -(11.2+11.0)/3.3 grid diagnostic diagram allowing a detailed characterization of the charge and size distribution of PAHs within sources or for sources as a whole.
1 − e − hν 0,i kT 2 (A2)
The integrated cross-section for a single band weighted by the total number of incident photons and weighted by the absorption cross sections is given by:
dT dν (A3) The wavenumber limits of the outer integral (2.5 × 10 −3 − 1.1×10 5 cm −1 ) correspond to 3.1×10 −7 −13.6 eV; σ0,i is the zero-Kelvin absorption cross-section of band i; N(ν) is the number of photons at frequency ν and N is the total number of photons absorbed; B(ν0,i, T) [erg s −1 cm −2 Hz −1 sr −1 ] is Planck's function at frequency ν0,i [cm −1 ] in mode i and temperature T [Kelvin]; dT/dt [Kelvin s −1 ] is the coolingrate defined as:
The calculation of the number of photons of a given frequency (ν) absorbed by the PAH is proportional to the ab-sorption cross-section and the incident radiation field at that frequency:
where σ abs is the absorption cross sections adopted from Draine & Li (2007) and Mattioda et al. (2005) , and F * is the intensity of the incident radiation field. The temperature cascade emission spectrum upon the absorption of a photon of a given energy is calculated considering conservation of energy:
where σi is the integrated absorption cross-section (Eq. A3) of mode i.
APPENDIX B: REDSHIFTED SPECTRA
Anharmonicity effects in the spectra of highly vibrationally excited PAH molecules have been typically accounted for by applying a 15 cm −1 redshift to the generated emission spectra. However, recent results (Mackie et al. 2018 ) conclude that no redshift correction for anharmonicity should be applied. Here, we demonstrate that our results are independent of whether or not the redshift is applied. Fig.  B1 shows the intensity ratios of 11.2/3.3 and 11.0/3.3 for neutral and cationic PAHs respectively as a function of NC, generated from spectra with and without a redshift application. Both families of points (i.e. from spectra with and without a redshift application) have identical distributions and show the same scaling with NC, with only the smallest molecules slightly shifted to lower intensity ratio values. Consequently, our results and conclusions throughout this work are consistent and unaffected by a redshift application to the generated PAH spectra.
APPENDIX C: AVERAGE ISRF PHOTON ENERGY SPECTRA
We present a comparison of the 11.2(11.0)/3.3 and 11.2(11.0)/7.7 and 6.2/7.7 intensity ratios from PAH spectra generated considering input for the emission model photons from the entire ISRF spectrum, against those generated assuming the average photon energy of the ISRF. Fig. C1 shows that the 11.2(11.0)/3.3 values of average ISRF photon energy spectra are higher compared to spectra generated considering the entire ISRF spectrum, while the other intensity ratios are unaffected. Fig. C2 presents the intensity ratios of 11.2/3.3 and 11.0/3.3 for neutral and cationic PAHs respectively, as a function of NC using the integrated ISRF and the average photon energy of the ISRF as input, where the difference between these two methods increases with NC. Inspecting the individual fluxes reveals that for larger PAHs the 3.3 µm flux is relatively higher in the case of the entire ISRF generated spectra compared to those produced with the average ISRF photon energy, while the 11.2 and 11.0 µm emission are similar in both cases.
APPENDIX D: THE EFFECT OF SIZE, CHARGE, AND RADIATION FIELD ON PAH SPECTRA
We demonstrate the variance of the PAH spectral emission features and their dependence on PAH size, charge, and the radiation field to which they are exposed. Figure D1 shows the change of the emission characteristics in the 3.3 µm, 7.7 µm complex, and 11.2 µm bands, for two differentsized neutral-cation PAH molecule pairs: C54H18/C54H + 18 and C130H28/C130H + 28 . In all cases, exposure to radiation fields of increasing energy results to a corresponding increase to the intensity of each emission feature. For the smaller molecules (C54H18 and C54H + 18 ), the charge state has a significant impact in the shape, peak position, and intensity of almost all the major emission bands, with the 3.3 and 11.2 µm features presenting the most striking contrast in intensity. For the largest molecules (C130H28 and C130H + 28 ) the most profound spectral diversities due to charge state are observed mostly at longer wavelengths. Specifically, the 7.7 µm complex emission for cationic PAHs dominates over the corresponding emission of their neutral counterpart, while the opposite is the case for the 11.2 µm emission. PAH size has a great impact on the spectral characteristics at shorter wavelengths and specifically the 3.3 µm band, explaining the observed dependence of the 3.3 µm emission with NC (Section 4.2 and Fig. 5 ). The 11.2 µm emission is mostly unaffected by PAH size when examining the different-sized neutral and cationic species of C54H18 and C130H28 respectively, although a slight increase is observed for the larger neutral molecules, as demonstrated in Fig. 5 . Figure E1 shows the 11.2(11.0)/7.7 -11.2(11.0)/3.3 plane with the PAHs classified according to their edge structure (in terms of number of solo, duo, trio, and quartet CH groups and their ratios), symmetry, and weight. The 11.2(11.0)/3.3 ratio clearly reflects the number of solo CH groups and the molecular weight: the 11.0/11.2 µm bands are due to the CHoop bending modes of solo CH groups and the molecular weights correlates with NC. In contrast, the number of duo CH groups is not a good tracer of NC nor are the number of trio or quartet CH groups. The number of duos first increases but then, for larger sizes, the number of duos remains relatively constant. The number of trios and quartets tends to be small and fairly constant for a broad range of sizes. Likewise, the solo/duo does not show a gradual change with size as more scatter is introduced by adding the duos. In contrast, the solo/trio ratio does follow size. As the number of trios is fairly constant with size, the trends obtained using the solo are comparable to those using the ratio solo/trio. Finally, we do not find any relation between size and symmetry. 
APPENDIX E: EXAMINING MOLECULAR STRUCTURE AND SYMMETRY
APPENDIX F: PAH SIZE SCALING RELATIONS FOR DIFFERENT RADIATION FIELDS
Here we present the parameters of the power-law calibration (eq. 3) describing the (11.2+11.0)/3.3 -NC relation at different ionization fractions, for radiation fields with average photon energies of 6, 8, 10, and 12 eV. All calibration parameters are given in Tables F9-F12 . Tables G1 and G2 .
APPENDIX H: PAHDB SAMPLE UIDS
Tables H1 -H3 present the PAHdb UIDs of our sample molecules. WEIGHT Figure E1 . The 11.2(11.0)/7.7 -11.2(11.0)/3.3 plane of the PAHdb sample molecules calculated with the ISRF model, color-coded based on the different molecular properties. In order from top left to bottom right the panels and color-coding corresponds to: the number of solos, duos, trios, and quartets C-H groups, the ratio of solo/duo, ratio of solo/trio, symmetry groups, and molecular weight. The discrete values of solos, duos, trios, quartets C-H groups, and molecular symmetry groups are indicated in the legend of the corresponding panels. Neutral PAHs are represented with triangles and cationic PAHs with circles. Figure G1 . The PAH charge -size space of spectra generated with the ISRF model, using alternate PAH intensity ratios as size tracers. The (11.2+11.0)/7.7 ratio is used in all panels as PAH charge state tracer, along with the ratios of 6. 
